. Nevertheless, the mechanisms of Cd-induced plant growth inhibition are far from being understood.
were used to analyze the effects of 3 micromolar Cd on the time courses of expansion growth, dry weight, leaf water relations, stomatal resistance, and abscisic acid (ABA) levels in roots and leaves. Control and Cd-treated plants were grown for 144 hours in nutrient solution. Samples were taken at 24 hour intervals. At the 96 and 144 hour harvests, additional measurements were made on excised leaves which were allowed to dry for 2 hours. From the 48 hour harvest, Cd-treated plants showed lower leaf relative water contents and higher stomatal resistances than controls. At the same time, root and leaf expansion growth, but not dry weight, was significantly reduced. The turgor potentials of leaves from Cd-treated plants were nonsignificantly higher than those of control leaves. A significant increase (almost 400%) of the leaf ABA concentration was detected after 120 hours exposure to Cd. But Cd was found to inhibit ABA accumulation during drying of excised leaves. It is concluded that Cd-induced decrease of expansion growth is not due to turgor decrease. The possible mechanisms of Cd-induced stomatal closure are discussed.
Cadmium is a highly toxic element which has been the center of much research interest during the last 15 years. Studies concerning the phytotoxic effects of Cd principally have been focused on nutritional aspects (25) , on enzyme activities (23) , or on photosynthesis and related processes (6, 7, 26) . Nevertheless, the mechanisms of Cd-induced plant growth inhibition are far from being understood.
Higher plants grown on Cd-containing substrates show disturbed water balance. Effects of Cd on stomatal function (7, 17) , water transport (5, 19) , and cell wall elasticity (6) (24) . So the effects of Cd on cell expansion growth will not be concealed by a Cd-induced impairment of cell division in this organ. was excised. These leaves, adaxial surface down, were exposed to ambient air and light on a laboratory bench. After 2 h the water relation parameters and the ABA content were analyzed (146 h harvest). On leaves, excised at the 96 h harvest and exposed to ambient air for 2 h, additional measurements of the ABA content were performed (98 h harvest).
MATERIALS AND METHODS

Plant
Growth and Cd-Concentration
The fresh weight of the primary leaves and the roots was determined immediately after each harvest. The dry weight of these organs was measured after 48 h desiccation at 70°C. The area of primary leaves was determined with a planimeter (Licor model 3100) and the root length with a ruler.
For Cd-concentration analysis, the oven-dried (70°C) plant material was wet-ashed with an acid mixture (HNO3: HClO4:H2SO4 = 10:1:1) and analyzed by atomic absorption spectrophotometry (Perkin Elmer model 503 with graphite furnace HGA 74).
Given values are the average of three determinations per organ and treatment.
Water Relations
The relative water content of primary leaves was determined on five leaf discs (diameter 9 mm) (16) .
The water potential of the primary leaves was determined with a pressure chamber (Arimad 2, Israel). For measurement ofthe osmotic potential ofprimary leaves, the harvested plant material was immediately frozen in liquid nitrogen and stored at -40°C. After thawing, the osmotic potential of the expressed sap was determined with a Wescor HR-33 T Dew Point microvoltmeter.
The stomatal resistance of the abaxial surfaces of primary leaves of control and Cd-treated plants was analyzed with a porometer (Delta-T Devices MK 3 automatic transient porometer) on plants illuminated for 75 min.
All water relation parameters were determined at each harvest on six plants per treatment. The samples were taken from plants grown in different beakers.
Analysis of ABA Content
The ABA concentrations of both primary leaves and roots were analyzed by HPLC. The extraction and the quantification processes were as previously described (9 
Statistical Treatment
The whole experiment was conducted three times. The data presented here are from a representative experiment. The significance of differences between control and Cd-treated plants was determined by analysis of variance.
RESULTS
The plants grown with Cd-containing nutrient solution exhibited substantially increased Cd concentrations within both roots and leaves. In leaves, the Cd concentrations increased linearly with time up to 120 h after the start of the treatment (Fig. la) . Roots attained their highest Cd concentration after 96 h of exposure to the metal (Fig. lb) .
Forty-eight h after Cd supply, a significant inhibition of plant growth was observed. The root length, the leaf area and the leaf fresh weight were significantly lower than in controls. The leaf dry weight and the root fresh and dry weights were not significantly reduced until 96 h exposure to Cd (Fig. 2) .
In Cd-treated plants the leaf fresh weight was significantly more affected than the leaf dry weight and, from the 48 h harvest, these plants had significantly lower water contents than control plants. At the same time, in the Cd-treated plants lower relative water contents (Fig. 3a) and higher stomatal resistances than in control plants were found (Fig. 4a) . Within both control and Cd-treated plants, the relative water content decreased during the period of maximum leaf growth rate (0-48 h). From 48 h to the end of the experiment, a progressive increase of the leaf relative water content was found in all plants (Fig. 3a) . The plants exposed to Cd generally showed significantly lower values than control plants.
Although the plants exposed to Cd had lower water contents from the 48 h harvest, their leaf water potential was not significantly affected until 120 h of exposure (Fig. 3b) . The solute potential of control plants (Fig. 3c ) tended to increase with time. The Cd-treated plants showed lower solute potential values than control plants from 48 h of the start of the Cd-treatment. As a result of their lower solute potential, the turgor potential values (Fig. 3d) of Cd-treated plants were as high, or even nonsignificantly higher than those of control plants.
Although the plants grown in Cd-containing nutrient solution generally presented high leaf turgor, their stomatal resistances were significantly higher than those of control plants from the 48 h harvest (Fig. 4a) . Control and Cd-treated plants did not show significant differences between their leaf ABA concentrations up to 96 h (Fig. 4b) . At the 120 h harvest, in coincidence with a further increase of stomatal resistance, an almost 400% increase of the ABA concentration was found in the leaves of Cd-treated plants (Fig. 4b ).
Significant differences between the root ABA concentrations of Cd-treated and control plants were observed at the 72 h, 96 h and 120 h harvests (Fig. 5) . Nevertheless, no correlation between the ABA and Cd concentrations within roots could be established.
At the 146 h harvest, the excised leaves of all plants showed decreased relative water contents and lower water, solute, and pressure potentials. But only in control leaves was a significant increase of the ABA concentration found (Table I) . Two h after excision, the leaves from Cd-treated plants, which at the 144 h harvest had high ABA levels, did not show any further rise but a decrease of the ABA level (Table I) . A decrease of ABA levels 2 h after excision also was found in leaves from Cd-treated plants of the 96 h harvest. At the 96 h harvest these leaves contained 90 ng ABA g-' fresh weight, whereas 2 h after excision (98 h harvest) only 40 ng ABA g-' fresh weight were found. In control leaves the ABA concentrations were 63 and 139 ng g-' fresh weight at the 96 h and the 98 h harvests, respectively. The excised leaves from both control and Cd-treated plants (146 h harvest) showed almost the same decrease of relative water content, but the turgor potential of the leaves from Cd-treated plants was significantly more decreased than that of control leaves (Table I) .
DISCUSSION
The time courses of growth ( Fig. 2) demonstrate that leaf expansion growth was earlier affected by Cd than the accumulation of dry weight.
According to the expanded Lockhart equation (13), cell expansion growth is a function of cell wall extensibility, hydraulic conductivity, osmotic potential and the threshold turgor, below which growth will not occur. Any inhibition of the expansion growth rate is due to a change in one or more of these parameters (11) . In a strict sense, the Lockhart equation refers only to single cells, but experimental findings by Cosgrove (12) reassure the application to multicellular tissues and organs ( 13) .
Under long-term exposure to high Cd concentrations, the stems of bean plants show increasing resistance to water flow (5), and visible leaf turgor loss occurs (3) . But the results from the present study clearly indicate that decreased turgor is not the initial cause of reduced cell size. At the 48 h harvest, Cdtreated plants, in spite of higher stomatal resistance had lower water content than control plants, indicating decreased water flux to the leaves. At the same time, Cd-treated plants showed nonsignificantly higher turgor pressures but lower expansion growth rates than control plants. The observation that, in spite of high turgor the growth rate was decreased may suggest that the Cd supply decreased cell wall extensibility (10) . But further studies measuring wall extensibility are required to prove this hypothesis. Moreover, there is no experimental evidence which proves that the decrease of cell wall extensibility would be due to a specific Cd effect in leaves. Other treatments which injure roots, such as root cooling or partial root removing, also induce a decrease of cell wall extensibility in primary leaves of Phaseolus (13) .
Our results on excised leaves (Table I ) also suggest a Cdinduced alteration of cell wall properties. The decreases of the relative water contents in excised leaves from both control and Cd-treated plants were quite similar, but the excised Cdleaves showed much lower turgor pressure. Thus, for a certain decrease of the protoplast volume, the turgor pressure is maintained higher in control leaves than in Cd-treated ones. This result suggests that the leaves from plants grown with Cd have a higher bulk elastic modulus than control leaves, i.e. their cell walls are less elastic. This finding agrees with former observations on plants exposed to higher Cd concentrations for longer times (3, 4) .
Cadmium had a marked influence on stomatal resistance. From the 48 h harvest, Cd-treated plants showed higher stomatal resistance than control plants. The rise of stomatal resistance and the decrease of the water content occurred at the same time. But at this harvest, Cd-treated plants had neither significantly higher leaf ABA levels nor lower leaf turgor pressures than control plants. Thus, initially, the stomatal closure seemed neither due to a general leaf turgor loss nor to a change in bulk leaf ABA levels. This early increase of stomatal resistance may be due to either a small pool of active ABA not detectable when bulk leaf ABA is analyzed (21) or other metabolic changes. In addition to ABA, other compounds may be involved in stomatal closure. Blackmann and Davies (8) (2) . As the intact plants, containing significant amounts of Cd, were able to increase their leaf ABA content (120 h harvest), this decrease of the ABA levels in drying excised leaves remains unexplained.
From our results we may conclude that Cd-induced inhibition of expansion growth of bean leaves primarily was not due to a decrease in turgor. Decreased cell wall extensibility may be a cause of reduced cell expansion. The Cd-induced increase of stomatal resistance was brought about by different mechanisms, depending on the degree of toxicity suffered by the plants. Although direct effects of Cd in leaves might account for both decreased cell expansion growth and increased stomatal resistance, the study of Cd-effects on root metabolism is clearly necessary for understanding the primary causes of Cd-induced growth inhibition.
